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In Brief
Using the Drosophila pupal notum,
Levayer et al. show that epithelium
crowding drives random cell elimination
through caspase activation and cell
delamination. The same phenomenon
occurs in the neighborhood of fast
growing clones resistant for apoptosis
and may promote tumoral cell expansion
through the elimination of the neighboring
cells.
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Regulation of tissue size requires fine tuning at the
single-cell level of proliferation rate, cell volume,
and cell death. Whereas the adjustment of prolifera-
tion and growth has been widely studied [1–5], the
contribution of cell death and its adjustment to tis-
sue-scale parameters have been so far much less
explored. Recently, it was shown that epithelial cells
could be eliminated by live-cell delamination in
response to an increase of cell density [6]. Cell
delamination was supposed to occur independently
of caspase activation and was suggested to be
based on a gradual and spontaneous disappearance
of junctions in the delaminating cells [6]. Studying the
elimination of cells in the midline region of the
Drosophila pupal notum, we found that, contrary
to what was suggested before, Caspase 3 activation
precedes and is required for cell delamination. Yet,
using particle image velocimetry, genetics, and
laser-induced perturbations, we confirmed [6] that
local tissue crowding is necessary and sufficient to
drive cell elimination and that cell elimination is inde-
pendent of known fitness-dependent competition
pathways [7–9]. Accordingly, activation of the onco-
gene Ras in clones was sufficient to compress the
neighboring tissue and eliminate cells up to several
cell diameters away from the clones. Mechanical
stress has been previously proposed to contribute
to cell competition [10, 11]. These results provide
the first experimental evidences that crowding-
induced death could be an alternative mode of su-
per-competition, namelymechanical super-competi-
tion, independent of known fitness markers [7–9],
that could promote tumor growth.
RESULTS AND DISCUSSION
We used the Drosophila pupal midline to study the process of
crowding-induced elimination [6] (Figure 1E). We decided to
re-evaluate the contribution of caspase and apoptosis to cell
delamination. Inhibition of apoptosis by constitutive overex-
pression of the apoptosis inhibitor Diap1 almost completely670 Current Biology 26, 670–677, March 7, 2016 ª2016 The Authorsabolishes cell delamination both in the midline and in the rest
of the tissue (Figures 1A and 1B; 8-fold reduction; Movies S1A
and S1B). This suggested that the contribution of apoptosis/
caspase to cell delamination was previously underestimated
(only 30% of delamination was supposed to be caspase
dependent) [6]. To confirm that caspase activation is required
cell autonomously, we tracked cell delamination events in
clones overexpressing Diap1, the baculovirus caspase inhibitor
p35, and in clones homozygous for a deletion covering the pro-
apoptotic genes hid, grim, and reaper. In every situation, we
observed a drastic diminution of proportion of delaminating
cells (Figures 1C and 1D; Movies S2A–S2D). Finally, overex-
pression of Diap1 in the midline using a midline-specific driver
(dad-Gal4; Figure S1A) led to a 37% increase of the midline
width in the adult thorax, in agreement with the expected pro-
portion of cell eliminated (Figures 1B and 1D). Thus, caspase
activation is required for cell elimination inside and outside the
midline.
Two modes of cell delamination events were described in the
midline: apoptosis-induced delamination leading to fast apical
area decrease without neighbor exchange and the transient for-
mation of rosettes, or live-cell delamination, where the progres-
sive loss of junctions leads to apical decrease and finally cell
delamination (Figure S1B) [6]. We observed a continuum of
behavior without clear distinction between the two modes of
delamination (Figure S1C). Moreover, we did not observe signif-
icant differences in the delamination process occurring in
controls nota, the few delamination occurring upon caspase in-
hibition (act-gal4, UAS-diap1) or upon death induction by over-
expressing the pro-apoptotic gene reaper (Figures S1D and
S1E; Movies S1A, S1B, and S1D). This suggested that the
different delamination behaviors do not correlate with caspase
induction but with other unknown parameters (such as local tis-
sue mechanics and initial cell shape).
Finally, if apoptosis induction is required for cell delamination,
Caspase 3 activation should always precede cell delamination.
Using two different live reporters of Caspase 3 activity (UAS-
apoliner [12] and UAS-scat3 [13]), we systematically observed
Caspase 3 activation prior to cell delamination (Figures 2A–2D;
Movies S3A and S3C) with a wide range of time delay between
initial activation and delamination (from 30 min to >3 hr; Figures
2B and 2D).We concluded that caspase activation precedes and
is required for cell delamination.
We next asked what was the cause of apoptosis-induced
delamination in the midline. Upregulation/downregulation of
growth in the notum are sufficient to upregulate/downregulate
Figure 1. Caspase Activation Is Required for Cell Elimination in the Midline
(A) z projections of E-cad::GFP in live pupal notum in a control (ubi-Ecad::GFP; act-gal4) or upon ubiquitous inhibition of apoptosis (ubi-Ecad::GFP; act-gal4 3
UAS-diap1). White cells are cells dying or whose daughter cells are dying over the next 700 min. The midline region is shown in green. The scale bars
represent 10 mm.
(B) Proportion of cell undergoing delamination outside the midline (top) and in the midline (bottom). p value, Mann-Whitney test.
(C) z projections of E-cad::GFP in live pupal notum with control clones (UAS-RFP; purple; act<y<G4), clones overexpressing diap1 (UAS-RFP; purple;
act<y<G4 3 UAS-diap1), the Caspase 3 inhibitor p35 (UAS-RFP; purple; act<y<G4 3 UAS-p35), or clones carrying a homozygous deletion covering the three
apoptotic genes hid, grim, and reaper (no GFP; DH99/DH99); note that there is also a significant reduction of the delamination rate in the midline in the
(legend continued on next page)
Current Biology 26, 670–677, March 7, 2016 ª2016 The Authors 671
Figure 2. Caspase Activation Precedes Cell Delamination
(A) Snapshots of a movie in the midline of a live pupal notum expressing the caspase sensor apoliner. Upon caspase activation, the GFP is relocated to the
nucleus, whereas RFP remains at the membrane (top scheme). Apical is the junctional plane showing two cells disappearing (at 350 min; white arrows). Lateral
shows the plane containing the nuclei. Note the strong nuclear GFP signal in the two delaminating cells between 50 and 100 min (see sagittal view, bottom). The
scale bars represent 10 mm.
(B) Distribution of the lag time between the onset of caspase activation and cell delamination in minutes.
(C) Snapshots of a movie in the midline of a live pupal notum expressing the FRET caspase sensor scat3. Upon caspase activation, the FRET signal is reduced.
The scale bars represent 10 mm.
(D) Distribution of the lag time between the onset of caspase activation and cell delamination in minutes.
See also Figure S1 and Movie S3.the rate of cell delamination in the midline [6]. This was suggest-
ing that tissue crowding is responsible for cell delamination. Yet,
there was no evidence that mechanical stress can affect cell
delamination non-cell-autonomously. Apoptosis in the midline
could either be induced cell autonomously and/or regulated by
local tissue properties. In the first situation, the delamination
rate should not be affected by the behavior of neighboring cells.
We observed a significant increase (1.9-fold; p > 104) of the
delamination rate in the WT midline cells when more than 50%heterozygous cells (DH99/+) compared to theWT (0.12 ± 0.02; four nota; 952 cells
cells and orange spots cells dying (or at least one daughter cell dying) after 700
(D) Proportion of cell undergoing delamination outside the midline (top) and in th
(E) Adult thorax of a control (dad-gal4) or upon inhibition of apoptosis in the mid
region.
(F) Distribution of the log2 of the ratio of width of the midline over the average w
Procedures). One dot, one adult thorax; p value, t test.
See also Figure S1 and Movies S1 and S2.
672 Current Biology 26, 670–677, March 7, 2016 ª2016 The Authorsof the rest of the midline cells are resistant for apoptosis (UAS-
diap1 clones; Figure 3A). This was suggesting that WT cells
can compensate for the absence of delamination in the UAS-
diap1 clones and showed that delamination rate is not only set
cell autonomously. Alternatively, cell elimination could be driven
by cell competition, a context-dependent apoptosis that elimi-
nates slow-growing cells when neighboring faster-growing cells
[11]. However, cell elimination in the midline did not require
flower or azot (Figures S2A and S2B; Movies S2E and S1C),; p < 104). Themidline is in between the dotted lines. Green spots are surviving
min. The scale bars represent 10 mm.
e midline (bottom). p value, Fisher’s exact test. ****p < 104.
line region (dad-gal4 3 UAS-diap1). The white dotted lines show the midline
idth of the two adjacent lines of bristles (see the Supplemental Experimental
Figure 3. Cell Elimination Is Induced by Local Tissue Crowding
(A) Top: z projections of E-cad::GFP in live pupal notumwith clones overexpressing diap1 (UAS-RFP; purple; act<y<G43UAS-diap1) coveringmore than 50%of
themidline. Themidline is in between the dotted lines. Green spots are survivingWT cells, and orange spots areWT dying cells (or at least one daughter cell dying)
after 700 min. The scale bars represent 10 mm. Bottom: proportion of cell undergoing delamination in the midline in a control (act<y<G4; from Figure 1C) or in WT
cells in the midline where more than 50% of the cells are overexpressing diap1. p value, Fisher’s exact test.
(B) Left: averaged PIV vector field (orange) over 700 min on a live pupal notum. White cells are delaminating cells. The midline is in between the dotted lines. Note
that this movie is recorded a bit more posterior and lateral compared to the rest of the movies in order to see the high rate of delamination in the lateral-posterior
region of the notum (bottom right corner). The scale bar represents 10 mm. Middle: average vector convergence (one notum). Right: local density of cell
delamination events. Bottom: binning of the average local death probability against the average local convergence. The inset is the scatterplot from four nota (one
dot = one space unit); corr. coef. = 0.27; p < 104.
(C) Left: scheme of the experiment showing tissue flow (orange) in a control notum (A, anterior; P, posterior; dotted line, midline; tissue flows from the posterior to
the anterior side) or upon wound healing after a laser-induced wound (black). Contractions induced by the wound closure generate some stretching on the
anterior side, whereas the posterior side is less affected (contractions in the same direction as tissue flow). The corresponding live nota are shown on the right,
orange vectors are averaged PIV vectors over 1,000 min, white cells are dying cells, dotted lines are the midline, and the gray rectangle is the zone excluded from
the analysis because of the direct damage by the laser. The scale bars represent 10 mm. The local average convergence and the local number of delaminations are
shown on the right (one map = one notum); the black rectangles are the zone excluded from the analysis. Right plot: log2 of the ratio of the death probability
anterior and posterior to the wound. One dot = one notum. Bars are averages. p value, t test.
See also Figures S2 and S3 and Movies S1, S2, and S4.two competition-specific genes required for cell elimination
[7–9], hence confirming what was previously observed [6]. We
therefore tried to confirm that cell delamination was induced
by tissue crowding. We used particle image velocimetry (PIV)
to quantify local tissue deformations over time [14]. Local tissueCucrowding is reflected by the positive local convergence of the
vector field, which correlates with local increase of cell density
and a decrease of cell apical area (see Supplemental Experi-
mental Procedures; Figures 3B, 4A–4C, and S3A; Movie S4A).
We observed a significant positive correlation between zonesrrent Biology 26, 670–677, March 7, 2016 ª2016 The Authors 673
Figure 4. Tissue Crowding Is Sufficient to Induce Cell Elimination
(A) Left: z projection of E-cad::GFP in a live pupal notumwith clones overexpressing an activated form of Ras (purple; hs-flp;endo-Ecad::GFP, gal80ts; act<y<G4,
UAS-nlsRFP 3 UAS-rasV12). The averaged PIV vectors are in orange (over 1,000 min). Green cells are dying cells. White line, clone contour. The scale bar
represents 10 mm.
(B) Left: averaged vector convergence (one notum). Right: local number of cell delamination events.
(C) Fold change of cell apical area (log scale). Dying cells are set to 0 (dark blue); the sum of the area of the daughter cells is used when a cell divides. White dotted
line, clone contour.
(D) Log2 of the ratio of the final cell apical area (1,000 min) over the initial apical area in the UAS-rasV12 clone and in the WT cells (1, touching the clone; >6, more
than six cells away from the clone). Dying cells are excluded from this analysis. p values, Mann-Whitney test. n.s., non-significant; ****p < 104.
(E) Death probability in theWT cells neighboring theUAS-rasV12 (1, touching the clone; >6, more than six cells away from the clone). p values, Fisher’s exact test.
n.s., non-significant; ****p < 104.
(F) Schematic showing the two processes involved in competition: a ‘‘fitness fingerprint’’-dependent competition (M/+ andmyc-dependent competition), where
cell elimination is based on a contact-dependent fitness comparison that is enhanced by the high cell mixing between the two populations [9], and mechanical
competition, where a clonal population with faster growth and resistant to apoptosis induces crowding in the neighboring WT cells and activates apoptosis. Both
processes release space around the clone and allow further growth of the clone.
See also Figures S2 and S4 and Movie S4.
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of high convergence and the rate of cell elimination (Figure 3B)
both inside the midline and also outside the midline (e.g., in
posterior lateral region). Cell delamination could be either the
cause or the consequence of local convergence. However,
we still observed a positive convergence in the midline and
in lateral regions upon inhibition of delamination (UAS-diap1;
Figure S3B), and delamination occurs on average after a
local peak of convergence (Figure S3C). Thus, cell delamination
is more likely to be the consequence of tissue convergence.
To check whether local crowding is necessary to induce
delamination, we perturb the posterior to anterior tissue flow
by wounding the notum by laser exposure (Figure 3C, left
scheme). The local contraction induced by wound healing will
produce a local stretching of the tissue on the anterior side of
the wound, whereas the posterior side should be less affected
(Figure 3C). Accordingly, we observed a strong reduction of
convergence flow anterior to the wound (Figure 3C, middle
panels; Movie S4B), leading to a local reduction of the rate
of delamination in the midline (Figure 3C, middle and right
panels). This effect is unlikely to be driven by some pro-survival
diffusive factors, which should affect equally the anterior and
posterior side of the wound. Therefore, we concluded that local
tissue convergence is necessary to induce delamination in the
midline.
We then tried to induce ectopic tissue crowding. Inducing
rapid cell growth in clones should produce compressive forces
both within the clone and in the neighboring tissue [10]. If
apoptosis is also blocked in the clone, our results predict
that cell delamination should occur preferentially outside the
clone. We induced rapid growth and survival through condi-
tional expression in clones of an active allele of the oncogene
ras (UAS-rasV12) [15–17]. Activation over 16 hr was sufficient
to observe a significant expansion of the UAS-rasV12 clones
and an increase of apical cell area (40%) as well as the
compaction of the neighboring WT cells, as outlined by the
local convergence in the vector field (Movie S4C; Figures 4A
and 4B) and the local decrease of apical cell area (Figures
4C and 4D). This was sufficient to produce ectopic cell
delamination up to three cell diameters away from the rasV12
clones (Movie S4C; Figures 4A, 4B, and 4E), in agreement
with the regions where cells undergo significant reduction of
their apical area (Figure 4D). These delaminations were not
driven by fitness-dependent competition as they are not
strictly contact dependent [7, 9, 18], and we could not detect
any induction of the fitness marker fwelose [7, 9] in the
cells neighboring the clones (Figure S2C). Altogether, we
concluded that ectopic tissue crowding is sufficient to drive
cell elimination.
Tissue crowding was previously suggested to induce live-
cell delamination, which preceded caspase activation [6].
Using the midline region of the Drosophila pupal notum, we
confirmed that local tissue crowding is necessary and suffi-
cient to drive cell delamination and that this process is inde-
pendent of the fitness-dependent competition pathway [6].
We showed, however, that caspase activation precedes and
is necessary for cell delamination in the midline. This discrep-
ancy may rely on the different drivers used to block apoptosis
(pnr-gal4 in [6]; act-gal4 and homozygous mutants in this
study), which may only block partially caspase activationCuwith lower levels of induction. Our results are not incompatible
with a live-cell delamination process as caspase may also
prime the cells for delamination prior to apoptosis induction.
Accordingly, we observed several cases of transient caspase
activation that are not followed by delamination (Figure S1F;
Movie S3B). This may also suggest that high and sustained
stress is required to reach the high levels of caspase activation
necessary for delamination and apoptosis termination. Our
results also suggest that one (or several) yet unknown path-
way(s) can detect local tissue crowding, activate caspase,
and the subsequent cell delamination. Interestingly, prelimi-
nary results suggest that the most obvious candidates are
not involved, including the JNK pathway [19, 20], p53, and
the Hippo pathway [21] (Figure S4, as reported in [6]), although
we cannot exclude some redundancy between these path-
ways. This new and uncharacterized pathway could play a
critical role for size regulation and cell elimination in several
developmental contexts such as cell elimination in the
crowded central region of wing imaginal disc [22, 23] and elim-
ination of amnioserosa cells during dorsal closure [24], of
larval cells in the pupal abdomen [25], in the folds of the pupal
legs [26], or during rotation of the genitalia [27]. Confrontation
of two cell populations with different growth rate can generate
local mechanical stress [10]. More precisely, the fast-growing
population and the neighboring cells should experience
compressive stress. In the framework of spontaneous and
caspase-independent cell delamination, cell elimination would
mostly take place within the fast-growing clone and act as a
tumor suppressor mechanism. Interestingly, several pathways
promoting growth also inhibit apoptosis and are involved
in cancer progression [28]. In such conditions, our results
suggest, however, that cell elimination would be blocked
in the fast-growing clone and occur preferentially in the
neighboring cells, as observed upon Ras activation. In that
situation, crowding-induced elimination would facilitate the
expansion of the fast-growing clone and could promote tumor
expansion (Figure 4F). The resistance to apoptosis induced
by Ras [16, 29] is probably critical for this process as
strong overexpression of myc (a regulator of growth down-
stream of Ras) [17] in clones increases cell death within the
clone (Figure S4E; Movie S2F; see also [30, 31]) and does
not produce any obvious deformations in the neighboring tis-
sue (Movie S2F). Moreover, Ras clones undergo cell sorting
and form smooth boundaries [32], whereas mild differences
in myc expression increase cell mixing and cell-cell intercala-
tion [9], which should dissipate mechanical stress. Therefore,
crowding-induced death is unlikely to participate in myc-de-
pendent competition. So far, super-competition was defined
as the active elimination of WT cells by faster-proliferating
cells [11, 33, 34] through the local comparison of fitness.
This is based on ‘‘fitness fingerprints,’’ such as the transmem-
brane protein Flower [7, 9, 35], which are used to compare
fitness state not only in cell competition but also in post-
mitotic neurons [8, 35, 36]. Alternatively, mechanical stress
was also previously suggested to participate in cell competi-
tion [10, 11]. Here, we provide for the first time evidences
that mechanical stress could indeed be involved in an alterna-
tive mode of competition, namely mechanical super-competi-
tion, which eliminates neighboring cells randomly throughrrent Biology 26, 670–677, March 7, 2016 ª2016 The Authors 675
crowding without prior selection and fitness comparison [7–9]
(Figure 4F).SUPPLEMENTAL INFORMATION
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